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osting by EAbstract The paper presents a study of the behavior of model strip footings supported on a loose
sandy slope and subjected to both monotonic and cyclic loads. The effects of the partial replace-
ment of a compacted sand layer and the inclusion of geosynthetic reinforcement were investigated.
Different combinations of the initial monotonic loads and the amplitude of cyclic loads were chosen
to simulate structures in which loads change cyclically such as machine foundations. The affecting
factors including the location of footing relative to the slope crest, the frequency of the cyclic load
and the number of load cycles were studied. The cumulative cyclic settlement of the model footing
supported on a loose sandy slope, un-reinforced and reinforced replaced sand deposits overlying the
loose slope were obtained and compared. Test results indicate that the inclusion of soil reinforce-
ment in the replaced sand not only signiﬁcantly increases the stability of the sandy slope itself
but also decreases much both the monotonic and cumulative cyclic settlements leading to an eco-
nomic design of the footings. However, the efﬁciency of the sand–geogrid systems depends on
the properties of the cyclic load and the location of the footing relative to the slope crest. Based
on the test results, the variation of cumulative settlements with different parameters is presented
and discussed.
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There are many situations where footings are constructed on a
sloping surface or adjacent to a slope crest.When a footing is lo-
cated on a sloping ground, twomajor problems arise: the signif-
icant reduction in the bearing capacity of the footing, depending
on the location of the footing with respect to the slope and the
potential failure of the slope itself. Therefore, it may not be pos-
sible to use the shallow foundation and using uneconomic foun-
dation types (piles or caissons) becomes the only suitable
solution of the problem. Therefore, over the years, the subject
of stabilizing earth slopes has become one of themost interesting
areas for scientiﬁc research and has attracted a great deal of
Fig. 1 Schematic view of the experimental apparatus.
316 M.A. El Sawwaf and A.K. Nazirattention. Slope stability can be increased in different ways such
as: modifying the slope surface geometry, chemical grouting,
using soil reinforcement, or installing continuous or discrete
retaining structures such as walls or piles.
Several studies have reported the successful use of slope rein-
forcement as a cost-effective method to improve the ultimate
bearing capacity of a footing on the slope and to decrease the set-
tlement values to accepted limits [1–6]. This was achieved by the
inclusion of multiple layers of geogrid at different depths and
widths under the footing. These reinforcements resist the hori-
zontal shear stresses built up in the soil mass under the footing
and transfer them to the adjacent stable layers of soils and there-
by improve the vertical behavior of the footing. These investiga-
tions have demonstrated that not only the slope stability can be
increased but also both the ultimate bearing capacity and the
settlement characteristics of the foundation can be signiﬁcantly
improved by the inclusion of reinforcements in the earth slope.
Some footings and hence the supporting soils are periodi-
cally subjected to cyclic loads such as earthquakes, storm
waves for offshore structures, wind forces in high buildings,
pile construction and trafﬁc loads. However, the footings sup-
porting machine foundations are usually subjected to both
monotonic and cyclic loads. After the footing is constructed,
the soil is permanently loaded by both the gravity loads of
the footing itself and the machine. When the machine is oper-
ated, cyclic additional loads are mobilized on the footing due
to the action of the moving parts of the machine. Several the-
oretical and experimental studies has been carried out using
model footings placed on sand foundation deposits and sub-
jected to dynamic loads [7–10]. These studies have shown that
the load settlement behavior of soil under the cyclic loading de-
pends on the number of cycles and the magnitude of the cyclic
load.
However, few studies have focused on the behavior of shal-
low footing subjected to the cyclic loading and resting on rein-
forced sand [11–16]. Yeo et al. [11] and Das et al. [12] studied
the ultimate bearing capacity and the settlement of a square
model footing as well as a strip foundation supported on geo-
grid reinforced sand subjected to the sum of a static load and
vertical cyclic load of different intensities. Raymond [13] stud-
ied the effect of geosynthetic reinforcement on the settlement
of a plane strain footing supported on a thin layer of granular
aggregate overlying different compressible bases and subjected
to a repeated load which returned to zero at the end of each
cycle to simulate a vehicle loading on a track support. Shin
et al. [14] reported laboratory model test results of the perma-
nent settlement of the subbase layer reinforced with geogrid
layers due to the cyclic load of the railroad. Moghaddas and
Dawson [15] performed an experimental study to investigate
the behavior of strip footings supported on 3D and planar geo-
textile-reinforced sand beds subjected to repeated loads. El
Sawwaf and Nazir [16] studied the behavior of rectangular
model footings placed on geosynthetic reinforced sand and
subjected to slowly repeated loads in which the load varied be-
tween a maximum value and minimum value of a zero load at
the end of each cycle.
The summary above indicates that the behavior of shallow
footings supported on either un-reinforced or reinforced soil
slopes and subjected to cyclic loads has not been investigated.
Hence, there is a lack of information in the literature of the set-
tlement of reinforced sand slope subjected to a combination of
monotonic and cyclic loads. Therefore, the objective of this pa-per is to model the cyclic behavior of strip footings supported
on a loose sandy slope and to study the improvements in the
cumulative settlements due to stabilizing the slope by either
the partial replacement with a compacted sand layer only or
with the inclusion of soil reinforcement in the partially re-
placed sand layers. The aim is to study the relationships be-
tween the monotonic and the cyclic settlements of the
cyclically loaded model footings and the variable parameters
including initial monotonic load level, the amplitude and fre-
quency of the cyclic load, the number of load cycles and the
location of the footing relative to the slope crest. It should
be noted that only one type of geogrid, one footing width,
and one type of sand were used in the laboratory tests.
Model box and footing
The experimental model tests were conducted in a test box,
having inside dimensions of 1.00 m · 0.50 m in plan and
0.50 m in depth. The test box was made from steel with the
front wall made of 20 mm thick glass and was supported di-
rectly on two steel columns as shown in Fig. 1. These columns
were ﬁrmly ﬁxed in two horizontal steel beams, which were
ﬁrmly clamped in the lab ground using four pins. The glass
side allowed the sample to be seen during the preparation
and the sand particle deformations to be observed during the
testing. The tank box was built sufﬁciently rigid to maintain
the plane strain conditions by minimizing the out of plane dis-
placement. To ensure the rigidity of the tank, the back wall of
the tank was braced on the outer surface with two steel beams
ﬁtted horizontally at equal spacing. The inside walls of the tank
are polished smoothly to reduce the friction with the sand as
much as possible by attaching ﬁber glass onto the inside walls.
A model strip footing made of steel with three holes at its
top center to accommodate bearing balls was used. While
the middle hole was made at the footing center, the other
two holes were made symmetrically and each of them was
Table 1 Engineering properties of geogrid.
Structure Biaxial geogrid
Aperture shape Rectangular apertures
Aperture size (mm ·mm) 42 · 50
Polymer type Polypropylene
Weight (gm/m2) 180.0
Tensile strength at 2% strain (kN/m) 4.4
Tensile strength at 5% strain (kN/m) 9.0
At peak tensile strength (kN/m) 13.5
Behavior of strip footings adjacent to deep excavation 317located one quarter of the footing length away from the foot-
ing end. The footing was 498 mm in length, 80 mm in width
and 20 mm in thickness. The footing was positioned on the
sand bed with the length of the footing running the full width
of the tank. The length of the footing was made almost equal
to the width of the tank in order to maintain plane strain con-
ditions. The two ends of the footing plate were polished
smooth to minimize the end friction effects. A rough base con-
dition was achieved by ﬁxing a thin layer of sand onto the base
of the model footing with an epoxy glue. The load is trans-
ferred to the footing through a bearing ball as shown in
Fig. 1. Such an arrangement produced a hinge, which allowed
the footing to rotate freely as it approached failure and elimi-
nated any potential moment transfer from the loading ﬁxture.Material and methods
Test material
The sand used in this research is medium to coarse sand,
washed, dried and sorted by particle size. It is composed of
rounded to sub-rounded particles. The sand has a very low
impurity level with a quartz (SiO2) content of 97%. The spe-
ciﬁc gravity of the soil particles was determined by the gas
jar method. Three tests were carried out producing an average
value of 2.654. The maximum and the minimum dry unit
weights of the sand were found to be 19.95 and 16.34 kN/m3
and the corresponding values of the minimum and the maxi-
mum void ratios are 0.305 and 0.593, respectively. The particle
size distribution was determined using the dry sieving method.
The effective size (D10), the mean particle size (D50), the unifor-
mity coefﬁcient (Cu), and the coefﬁcient of curvature (Cc) for
the sand were 0.15 mm, 0.50 mm, 4.07 and 0.77, respectively.
Sand beds were placed in 25 mm thick layers by a raining
technique in which sand is allowed to rain through air at a con-
trolled discharge rate and different heights of fall to give uni-
form densities. The relative density achieved during the tests
was monitored by collecting samples in small cans of known
volume placed at different locations in the test tank. The rain-
ing techniques adopted in this study provided uniform relative
densities of 35% (Rd-I) and 75.8% (Rd-II) representing loose
and dense sand conditions. The corresponding average unit
weights are 17.44, and 18.94 kN/m3 respectively. No particle
segregation was noticed during raining and uniformity tests
showed that the obtained relative densities from the three sam-
ples did not depend on the location of the mold. The estimated
internal friction angles of the sand determined from direct
shear tests using specimens prepared by dry tamping at the
same relative densities were 34 and 42 respectively.
Geogrid reinforcement
One type of geogrid with peak tensile strength of 13.5 kN/m
was used as reinforcing material for the model tests. Typical
physical and technical properties of the grids were obtained
from a manufacturer’s data sheet and are given in Table 1.
The loading systems
The monotonic loading system consisted of a hand-operated
hydraulic jack and pre-calibrated load ring mounted by ahorizontal steel beam supported on the two steel columns.
The load was applied by the hydraulic jack in small increments
which was maintained constant until the footing vertical dis-
placements had stabilized. The cyclic loading system consisted
of a horizontal lever mechanism with an arm ratio equal to 4,
pre-calibrated load cell, incremental weights and a motor as
shown in Fig. 1. When the motor is operated, it produces a ro-
tary motion in un-centered connected circular disk leading to
vertical up and down movements in the lever mechanism lead-
ing the cyclic load on the strip footing.
In cyclic tests, the monotonic load was applied initially by
the hydraulic jack in small increments until reaching the re-
quired initial monotonic load value which represents the
weight of the machine and foundation. About 10 min was al-
lowed for the settlement related to monotonic load to take
place. Then, triangular cyclic loads were superimposed by
the cyclic loading system on the sustained static load. The re-
peated loads were applied to the footing at the footing center
while the monotonic loads were applied at the outer two load-
ing points. The resulting loading sequence is shown schemati-
cally in Fig. 2a. The load cycles between a minimum value
equal to qmonotonic to a maximum value equal to an amplitude
of cyclic load qcyclic superimposed by the magnitude of
qmonotonic. Different values of the frequency of the cyclic load
were used as shown in the ﬁgure to simulate different types
of the machines cyclic loads.
The experimental setup and test program
The experimental work aimed to study the effects of stabilizing
a loose sand slope on the cyclic load–settlement behavior of a
strip footing placed at different locations adjacent to the slope
crest. A 425 mm long soil model slope samples were con-
structed in layers with the bed level and slope observed
through the front glass wall. The soil was set up to form a
slope of 2(V): 3(H). Initially beds of loose sand were placed fol-
lowed by depositing layers of dense sand by a raining tech-
nique. In the reinforced tests, the layers of geogrid were
placed in the sand at predetermined depths during preparing
the ground slope. The inner faces of the tank were marked
at 25 mm intervals to facilitate accurate preparation of the
sand bed in layers. On reaching the reinforcement level, a geo-
grid layer was placed and a layer of sand was rained and so on.
The preparation of the sand bed above the geogrid cell was
continued in layers up to the level required for a particular
depth of embedment. particular care was given to level the
slope face using special rulers so that the relative density of
the top surface was not affected. The footing was placed at
the desired position and ﬁnally the load was applied. All tests
were conducted with new sheets of geogrid used for each test.
Fig. 2a Loading sequence on the model footing.
318 M.A. El Sawwaf and A.K. NazirThe data acquisition system was developed in such a way that
only the cyclic load and settlement could be read and recorded
automatically. The settlements of the model footing were mea-
sured using two 100 mm capacity LVDTs with a sensitivity of
1/100 mm placed on opposite sides of the footing as shown in
Fig. 1.
It should be mentioned that three series of tests were per-
formed to study the effects of the depth of a single geogrid layer
(u), the vertical spacing between layers (x) and the layer length
(L) as shown in Fig. 2b. These series were performed on footings
supported on replaced dense sand overlying loose sand slope
using three layers of geogrid (N= 3). The maximum improve-
ment was obtained at depth ratio of u/B= 0.30, x/B= 0.60
andL/B= 5.0. These ﬁndingswere consistentwith the observed
trends reported by Selvadurai and Gnanendran [1], Das and
Omar [17], Yoo [4], and El Sawwaf [6]. Therefore, the test results
and ﬁgures are not given in the present manuscript for brevity
and the values of u/B= 030 and x/B= 0.6 andL/B= 5.0 were
kept constant in the entire test program.
A total of 59 tests in four main groups were carried out.
The tests of group I (series 1–3) were performed on un-rein-
forced loose sand slope to determine the ultimate monotonic
bearing capacity of the footing at different locations from
the slope crest (b/B) and different depths (d/B) of the replaced
dense sand. The group also includes three tests (series 4) to
study the effect of the number of geogrid layers on the mono-
tonic behavior of the footing. Tests of group II (series 5–8)
were performed to study the effect of the cyclic loading on
un-reinforced loose sand slope at a different initial monotonic
load level (qm/qu), different amplitude of cyclic load (qc/qu),
different locations from the slope crest (b/B) and differentFig. 2b Model footing anfrequencies (Fr). Finally group III (series 9–12) and group
IV (series 13–16) were carried out to study the effect of the
same parameters of cyclic loading on the behavior of the mod-
el footing when placed on un-reinforced and reinforced re-
placed sand deposit overlying the loose sand slope. The
geometry of the soil slope, model footing and geogrid layers
is shown in Fig. 2b. Table 2 summaries all the tests programs
with both the constant and variable parameters illustrated.
Several tests were repeated at least twice to examine the perfor-
mance of the apparatus, the repeatability of the system and to
verify the consistency of the test data. Very close patterns of
load–settlement relationship with the maximum difference in
the results of less than 3.0% were obtained. The difference
was considered to be small and was neglected. It demonstrated
that the used technique procedure and the adopted loading
systems can produce repeatable and acceptable test results.
Scale effects and limitations
The physical model used in this study is small scale while the
problem encountered in the ﬁeld is a prototype footing-cell sys-
tem. Although the use of small scale models to investigate the
behavior of full scale foundation is a widely used technique, it
is well known that due to scale effects and the nature of soils,
especially granular soils, soils may not play the same role in the
laboratory models as in the prototype [18]. Also, it should be
noted that the experimental results are obtained for only one
type of geogrid, one size of footing width, and one type of sand
and one angle of slope inclination. Therefore, speciﬁc applica-
tions should only be made after considering the above limita-
tions. Despite the mentioned disadvantages that scaling effectsd geometric parameters.
Table 2 Model tests program.
Series Constant parameters Variable parameters
1 Monotonic, un-reinforced, Rd-I = 35% b/B= 0, 1, 2, 3, 4
2 Monotonic, un-reinforced, Rd-I = 35%, Rd-II = 75.8%, b/B= 0 d/B= 0.5, 1,1.5,2.0,2.5,3
3 Monotonic, un-reinforced, Rd-I = 35%, Rd-II = 75.8%, b/B= 1 d/B= 0.5,1,1.5,2.0, 2.5, 3
4 Monotonic, reinforced, Rd-I = 35%, Rd-II = 75.8%, b/B= 1, d/B= 1.5 N= 1, 2, 3
5 Cyclic, un-reinforced, Rd-I = 35%, b/B= 1, qc/qu = 0.30, Fr = 1 qm/qu = 0.20, 0.35, 0.50, 0.65
6 Cyclic, un-reinforced, Rd-I = 35%, b/B= 1, qm/qu = 0.35, Fr = 1 qc/qu = 0.10, 0.20, 0.30, 0.40
7 Cyclic, un-reinforced, Rd-I = 35%, qm/qu = 0.35, qc/qu = 0.30, Fr = 1 b/B= 0, 1, 2, 3, 4
8 Cyclic, un-reinforced, Rd-I = 35%, b/B= 1, qm/qu = 0.35, qc/qu = 0.30, Fr = 1, 5, 10 Hz
9 Cyclic, un-reinforced, Rd-I = 35%, Rd-II = 75.8%, b/B= 1, d/B= 1.5, qc/qu = 0.30, Fr = 1 qm/qu = 0.20, 0.35, 0.50, 0.65
10 Cyclic, un-reinforced, Rd-I = 35%, Rd-II = 75.8%, b/B= 1, d/B= 1.5, qm/qu = 0.35, Fr = 1 qc/qu = 0.10, 0.20, 0.30, 0.40
11 Cyclic, un-reinforced, Rd-I = 35%, Rd-II = 75.8%, d/B= 1.5, qm/qu = 0.35, qc/qu = 0.20, Fr = 1 b/B= 0, 1, 2, 3 and 4
12 Cyclic, un-reinforced, Rd-I = 35%, Rd-II = 75.8%, b/B= 1, d/B= 1.5, qm/qu = 0.35, qc/qu = 0.30 Fr = 1, 5, 10 Hz
13 Cyclic, reinforced, Rd-I = 35%, Rd-II = 75.8%, b/B= 1, d/B= 1.5, qc/qu = 0.30, Fr = 1 qm/qu = 0.20, 0.35, 0.50, 0.65
14 Cyclic, reinforced, Rd-I = 35%, Rd-II = 75.8%, b/B= 1, d/B= 1.5, qm/qu = 0.35, Fr = 1 qc/qu = 0.10, 0.20, 0.30, 0.40
15 Cyclic, reinforced, Rd-I = 35%, Rd-II = 75.8%, d/B= 1.5, qm/qu = 0.35, qc/qu = 0.30, Fr = 1 b/B= 0, 1, 2, 3, 4
16 Cyclic, reinforced, Rd-I = 35%, Rd-II = 75.8%, b/B= 1, d/B= 1.5, qm/qu = 0.35, qc/qu = 0.30 Fr = 1, 5, 10 Hz
Note: See Fig. 4 for deﬁnition of the variable. (B) = 80 mm was always constant. In reinforced tests, (u/B) = 0.30, (x/B) = 0.60, L/B= 5.0, (d/
B) = 1.5 and N= 3 were always constant
Fig. 3 Variation of bearing capacity pressure with settlement
ratios for different depths of un-reinforced replaced sand (series 3).
Behavior of strip footings adjacent to deep excavation 319will occur in model tests and the test results are of limited use
in predicting the behavior of a particular prototype, the study
has provided insight into the basic mechanism that establishes
the behavior of footings under cyclic loads and indicated what
beneﬁts can be obtained when using geogrid layers to reinforce
sandy granular soils and provided a useful basis for further re-
search using full-scale tests or centrifugal model tests and
numerical studies leading to an increased understanding of
the real behavior and accurate design in application of soil
reinforcement.
Results and discussion
Monotonic behavior
Monotonic footing tests were carried out on un-reinforced
loose sand slope to measure the ultimate bearing capacity
and the associated settlement of the model footing to establish
the required values of the static and cyclic loads and to provide
a reference load capacity against which to quantify the
improvements due to reinforcements. Several values of applied
monotonic loads prior to the cyclic loading were adopted to
represent different values of factors of safety (F.S. = qu/qm).
The values of additional dynamic load, qc were selected as a ra-
tio of qu as shown in Table 2. The summations of both mono-
tonic and cyclic loads were less than the value of the footings
ultimate load to simulate most cases of machine foundations.
The footing settlement (S) is expressed in a non-dimensional
form in terms of the footing width (B) as the ratio (S/B%).
The monotonic bearing capacity improvement of the footing
on the reinforced sand is represented using a non-dimensional
factor, called bearing capacity ratio (BCR). This factor is de-
ﬁned as the ratio of the footing ultimate pressure on either
un-reinforced replaced compacted sand (qu replaced sand) or rein-
forced replaced compacted sand (qu reinforced) to the footing
ultimate pressure when supported on loose sandy slope (qu).
The ultimate bearing capacities for the model footing are
determined from the load–displacement curves as the
pronounced peaks, after which the footing collapses and theload decreases. In curves which did not exhibit a deﬁnite fail-
ure point, the ultimate load is taken as the point at which the
slope of the load settlement curve ﬁrst reach zero or a steady
minimum value [18].
The effect of the depth of a replaced sand layer
Twelve model tests in two series were carried out to determine
the optimum depth of an un-reinforced replaced dense sand
layer. The tests of the ﬁrst series were carried out on footings
placed at the slope crest (b/B= 0) while the second series’ tests
were conducted on footings placed away at a distance (b=B)
from the slope crest. Typical variations of the bearing capacity
pressure (q) with the settlement ratios (S/B) for the second ser-
ies tests for different depths (d/B) of the compacted sand are
shown in Fig. 3. The ﬁgure conﬁrms the signiﬁcant improve-
ment in the initial stiffness (initial slope of the load–settlement
curves) and the bearing load of the footing with the increase of
the replaced sand thickness at the same settlement level. For
example, the partial replacement of loose sand with a layer
Fig. 5 Variations of bearing capacity ratio with number of
geogrid layers.
320 M.A. El Sawwaf and A.K. Nazirof dense sand of thickness equal to 3B causes an improvement
in the measured bearing capacity four times higher than that
when the sand is of thickness = 0.5B. Also, the ﬁgure demon-
strates that as the thickness of the sand layer increases, the
mode of failure changes from a punching shear failure (at d/
B= 0.5) to the general shear failure in which a pronounced
peak can be seen, after which the load comes down.
Fig. 4 shows the variations of BCR with d/B for model
footings supported on the compacted dense sand deposit over-
lying the loose sand slope and placed at b/B= 0.0 and b/
B= 1.0 respectively. The BCR much improves with increasing
the depth of the replaced sand (d/B). However, this increase in
the bearing loads is signiﬁcant with d/B until a value of (d/
B= 2.0) beyond which further increase in the replaced sand
depth does not show signiﬁcant contribution in increasing
the ultimate load of the footing. The curves also indicate that
the replaced compacted sand had a greater effect on the foot-
ing performance when located at the slope crest rather than
placed away of the crest a distance b=B.
The effect of the number of geogrid layers
In order to study the effect of varying the number of geogrid lay-
ers on the footing-slope performance, three tests were carried
out on a footing located at a distance b= Bfrom the slope crest.
In this series, the depth of the replaced sand layer (d= 1.5B)
along with geogrid length, location, and spacing, were kept con-
stant but the number of geogrid layers was varied. Fig. 5 shows
typical variations of BCR against the number of layers. The ﬁg-
ure clearly indicates that the inclusion of soil reinforcement
causes additional considerable improvements in the BCR of
the model footings which increase with the number of geogrid
layers. When N= 0 (partial replacement only) the BCR is 4.4
and when using three layers of geogrid it becomes 7.1. However,
the curve shows that the increase in the BCR is signiﬁcant with
increasing the number of geogrid layers untilN= 2 after which
the rate of increase in the load improvement decreases. Unfortu-
nately for practical reasons, no tests were carried out usingmore
than three layers of geogrid due to the ﬁxed values of u/B, x/B
and the limited depth of the replaced sand in this series to value
of (d/B= 1.5). Similar conclusions that N= 3 is the optimum
number of layers after which the gain in the bearing capacity
is not signiﬁcant were given by previous studies of centrally
loaded strip or square plates over reinforced sands (Das andFig. 4 Variations of bearing capacity ratio with different depths
of replaced sand.Omar [17] and El Sawwaf and Nazir [6]). Therefore, using three
layers of geogrid to reinforce replaced thickness of dense sand
(d= 1.5 B) was kept constant in all reinforced test programs.
It can be observed by comparing Figs. 4 and 5 that reinforcing
a replaced sand layer of thickness 1.5B using only two layers
of geogrid could bring out an improvement in bearing capacity
(BCR= 6.9) greater than that obtained using replaced sand of
thickness 3B without reinforcement (BCR = 5.7). Therefore, it
can be concluded that the inclusion of soil reinforcement not
only improves the footing behavior but also leads to signiﬁcant
reduction of the depth of the replaced sand layer over the loose
sand for the same footing settlement, at the same load levels.
The effect of the footing location relative to the slope crest
In order to study the effect of the proximity of a footing to the
slope crest (b/B), ﬁve tests were carried out on model footings
resting on un-reinforced loose sand slopes placed at different
locations as shown in Table 2. The variations of the bearing
pressure q against the settlement ratio are shown in Fig. 6.
As the footing location moves away from the crest, the bearing
load–settlement behavior of the footing improves with increas-
ing the footing ultimate bearing capacity. However, this
improvement in the footing behavior is obvious until a value
of about b/B= 3 after which the effect can be considered con-
stant. This ratio of b/B after which the slope has no effect on
the footing behavior is consistent with the value obtained by El
Sawwaf [6,19].
Cyclic load behavior
Three groups of cyclic tests were performed on model footings
supported on a sandy slope to compare the settlement levels
with and without soil reinforcement at similar loading condi-
tions. The ﬁrst group was carried out on an un-reinforced
loose sandy slope with different values of initial monotonic
load, different amplitude of cyclic load, different locations
from the slope crest and different frequencies. The second
and third groups were carried out to study the model footings
behavior when supported on an un-reinforced and a reinforced
replaced compacted sand layer overlying loose sand slope at
the same parameters studied in the ﬁrst group. In these tests,
Fig. 6 Variations of bearing capacity pressure with settlement
ratios for different footing locations b/B.
Behavior of strip footings adjacent to deep excavation 321a sustained monotonic load was initially applied qm followed
by a superimposed cyclic triangular load qc at different
frequencies. Both qm and qc are taken equal to some fraction
of the monotonic footing bearing capacity as shown in
Table 2. The footing cyclic settlement (Sc) is expressed in non-
dimensional form in terms of the footing width (B) as the ratio
(Sc/B%). The cumulative settlement of both un-reinforced and
reinforced tests were obtained and discussed in the following
sections.
The effect of the number of the load cycles
The variation of monotonic, cyclic and total settlement (S/B)
versus the number of load cycles for a footing supported on
a loose sandy slope, un-reinforced and reinforced replaced
sand layers overlying a loose sandy slope are shown in
Fig. 7a. In these tests, the same monotonic load and the same
cyclic load as fractions of the ultimate bearing capacity of the
footing on a loose sand slope were kept constant. The ﬁgure
shows that the maximum footing settlement S/B is signiﬁcantly
decreased relative to the loose sand slope as a consequence of
either sand partial replacement or inclusion of soil reinforce-
ment after the application of the same number of load cycles.
Both the cyclic and the permanent settlements (Sc and St) in-
crease with a gradually decreasing rate with the increase ofFig. 7a Variation of settlement ratio with number of load cycles.the number of cycles. The ﬁgure demonstrates that the partial
replacement signiﬁcantly decrease the monotonic settlement
under the initial monotonic loading with the reduction being
greater when reinforcement was included in the replaced sand.
Not only the monotonic but also the cyclic settlement of the
model footing supported on the reinforced replaced sand is
much smaller than that when supported on an un-reinforced
replaced sand. It can be observed that the rate of settlement
(change of peak settlement and residual settlement) increase
is very rapid for the ﬁrst 10–20 cycles of loading and unloading
compared to the total settlement recorded after all cycles.
However, the rate of increase in the cyclic settlement gradually
decreases until a number of cycles of 4000 cycles after which
the rate becomes slower. Unfortunately, due to the limited
capacity of the data acquisition system, the cyclic tests were
stopped after the application of 8000 load cycles. Although,
the rate tends to become almost constant for the case of rein-
forced replaced sand, the curves shows variations in the rate
with Nc for both un-reinforced replaced sand and loose sand
slopes. Therefore, it can be concluded that the inclusion of soil
reinforcement is acting more efﬁciently than soil replacement
only to reduce the footing settlement and hence improve the
overall behavior of cyclically loaded footing on loose slopes.
The effect of the initial monotonic load level
In order to investigate the effect of the initial monotonic load le-
vel on the footing cyclic behavior, four different values of qm/qu
equal to 0.20, 0.35, 0.50 and 0.65 were applied to the footing be-
fore starting the cyclic load. In these tests, cyclic load level qc/
qu = 30% and the thickness of replaced sand layer d= 1.5 B
and the placement of the footing away from the crest at a dis-
tance b= Bwere kept constant. The variation of the cumulative
cyclic settlement (Sc/B) with (qm/qu) for a loose sandy slope, un-
reinforced and reinforced replaced dense sand layers overlying
the loose sandy slope after the application of 4000 load cycles
is shown in Fig. 7b. It can be seen that the cyclic settlement in-
creases with the increasing of the monotonic load level. Both
the rate of increase and the value of the cyclic settlement of
the footing supported on reinforced replaced sand are much
lower than that when supported on un-reinforced replaced sand
or a loose sandy slope. For example, the settlement ratio Sc/B
after the application of 4000 cycles on the footing supportedFig. 7b Variation of cyclic settlement ratio with monotonic load
level.
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value of Sc/B for the same loading conditions when supported
on un-reinforced dense and reinforced dense sands are 2.65%
and 1.1% respectively. Therefore, the inclusion of soil reinforce-
ment in the replaced sand deposit results in a reduction of 85.5%
of the cyclic settlement of the footing when it was placed on the
loose sandy slope.
The effect of the amplitude of the cyclic load
In order to study the effect of the cyclic load amplitude on the
footing performance, four cyclic tests using load amplitude
values (qc/qu) equal to 0.10, 0.20, 0.30 and 0.40 along with
pre-loading of initial monotonic stress (qm/qu = 0.35) were
carried out. All the tests were performed on footing placed
at a distance (b= B) from the slope crest and the thickness
of replaced sand layer (d= 1.5B) was kept constant. Fig. 7c
shows the variations of the cumulative cyclic settlement (Sc/
B) with the amplitude of the cyclic loads qc/qu for loose sand,
un-reinforced replaced sand and reinforced replaced sand after
the application of 4000 load cycles. It is clear that the increase
in the amplitude of the cyclic loads directly causes the footing
settlement to increase for both un-reinforced and reinforced
sand slopes. However, the ﬁgure shows the beneﬁcial effect
of the soil reinforcement in decreasing the cumulative settle-
ment of the footing comparing to the measured settlement of
the footing either supported on the loose sand slopes or un-
reinforced replaced sand for different amplitude of a repeated
load.
The effect of the frequency of the cyclic load
Three cyclic tests using different frequencies equal to 1, 5,
10 Hz were carried out using the same monotonic load qm/
qu = 0.35 and the same cyclic load, qc/qu = 0.30. The varia-
tion of the footing settlement versus the frequency of the cyclic
load for the model footings supported on loose sandy slope
both un-reinforced and reinforced replaced sand overlying
the loose sandy slope are shown in Fig. 7d. Although there
is some scatter, it appears that there is no variation in the set-
tlement ratio with the change in the load frequency and that
the footing settlement is not dependent on the load frequency
over the ranges of the tested frequencies. This is consistentFig. 7c Variation of cyclic settlement ratio with amplitude of
cyclic load.with previous investigations that the loading frequency has
very little effect on the strength behavior under cyclic loading
(Vesic [18] and Shin et al. [14]).
The effect of the footing location relative to the slope crest
In order to study the effect of the location of a cyclically
loaded footing to the slope crest (b/B), two series of tests were
carried out on a strip footing resting on un-reinforced and
reinforced replaced sand ﬁll overlying loose sand slopes. For
each location, three cyclic tests were carried out using mono-
tonic load qm/qu and cyclic load, qc/qu equal to 35% and
30% respectively of the ultimate monotonic bearing load of
the footing at that location on the loose sandy slope. Fig. 8
shows the variation of the cyclic settlement Sc/B against the
b/B ratios. The curves clearly show that, the cyclic settlements
signiﬁcantly increase as the footing locations move closer to
the slope crest. For the same footing location, both the partial
replacement and the inclusion of soil reinforcement have sig-
niﬁcant effect in decreasing the footing cyclic settlement. Also,
the ﬁgure clearly shows that greater beneﬁts of slope geogrid-
reinforcement are obtained when the footing is placed at/close
to slope crest. The ﬁgure shows also that as the footing place-
ment moves away from the crest, the rate of decrease in Sc/B of
the footing become less and tends to become constant after b/B
values = 3.0 after which the change can be considered
insigniﬁcant.
Failure mechanism in monotonic and cyclic tests
In order to understand the mechanism of footing failure and
whether or not it was accompanied with a slope failure, addi-
tional increments of loads were applied in monotonic tests
after the failure point and both the footing and the slope were
observed through the front glass wall. It was noticed that, as
the footing approached failure, the vertical settlements were
accompanied by horizontal movements and rotations toward
the slope. It is very important to mention that in all the mono-
tonic tests, the failure was not observed in the slope itself even
after the footing settlement reached 50% of the footing width.
However, in the cyclic tests performed on the footing sup-
ported on loose sand slope and subjected to a summation
of qm/qu and qc/qu greater than 75% the footing verticalFig. 7d Variation of cyclic settlement ratio with the frequency of
cyclic load.
Fig. 8 Variation of cyclic settlement ratio with the footing
location.
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rotation were accompanied by large displacement of the sand
under the footing toward the slope after the application of
3000 cycles. However, in cyclic tests with total monotonic
and cyclic load less than 75%, less aggressive settlements of
the slopes and footing rotations had occurred (local slope fail-
ure). This failure was observed only on the tests carried out on
the model footing at the slope crest of loose sand slope. How-
ever, in stabilized sand slope either by the partial replacement
only or with the soil reinforcement, vertical settlement of the
footing along with a lower tendency of the footing to rotate to-
ward the slope was noticed. It is worth mentioning that in tests
on un-reinforced slopes at different locations, the footing
failed by a punching shear failure while in tests with geogrid
reinforcement placed in replaced dense samples, the footing
was observed to fail by general shear failures. Therefore it
can be concluded that stabilizing the sand slope by the inclu-
sion of soil reinforcement not only increases the stability of
the slope itself but also signiﬁcantly decrease the footing settle-
ment and provides greater stability to the footing under the dy-
namic loading conditions.
Conclusions
Laboratory model tests were conducted to study the cyclic
load-induced settlement of a strip footing supported on a loose
sand slope. The effects of the partial replacement of different
depths of loose sand with and without the inclusion of soil
reinforcement on the cumulative settlement were examined.
The experimental test results showed that stabilizing the sand
slope by the partial replacement with the inclusion of soil rein-
forcement not only increases the stability of the slope itself but
also signiﬁcantly decreases the footing settlement and provides
greater stability to the footing under both the monotonic and
dynamic loading conditions. However, the improvements of
the partial replacement of the compacted sand overlying a
loose sand slope in the footing monotonic and cyclic load–set-
tlement are signiﬁcant until a value of (d/B= 2.0), beyond
which the effect on the footing behavior is limited. It has been
also found that the inclusion of soil reinforcement not only im-
proves the footing monotonic and cumulative settlements but
also leads to signiﬁcant reduction in the depth of the replaced
sand layer over the loose sand slope leading to economic
design of the footings. Moreover, the permanent cumulativecyclic settlements of a footing increase with the increase in sus-
tained monotonic load and the increase in the amplitude of the
repeated load. However, the footing settlement is not depen-
dent on the load frequency over the ranges of the studied fre-
quencies. Finally, the performance of the cyclically loaded
footing supported on geosynthetic reinforced slope is depen-
dent on the footing location relative to slope crest. The rein-
forcement is most effective when the footing is placed closer
to the slope crest. The inﬂuence of the slope on the footing
behavior can be neglected once it has been placed at a distance
of more than three footings width from the slope crest.
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